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Effects of Thermal Exposure on the Foliage of Young 
Corn and Soybean Plants 
William F. Lalor and Wesley F. Buchele 
Assoc. MEMBER ASAE MEMBER ASAE 
A NEW method of flame weeding in 
•^*- row crops - the air-curtain flamer-
was developed and tested by Lalor and 
Buchele (1, 2 )* . To approach the de-
sign of this machine systematically and 
to improve the design of other flame 
weeders, a knowledge of the thermal 
sensitivity of crops and weeds was 
needed. Thermal sensitivity of corn 
and soybeans was studied. Thermal 
treatments to which these plants were 
subjected and the resulting thermal 
damage to their foliage are presented 
in this paper. The effect of the thermal 
damage on the ultimate yield of the 
crops was, however, not studied. 
LITERATURE REVIEW 
In this report, the exposure tempera-
ture, T, means the temperature of the 
medium to which the plant material 
was exposed; the exposure time, t, is 
the time for which the material was 
exposed to the medium and the term 
"exposure" refers to any combination of 
t and T from the set of all possible pairs 
(t, T ) . 
The exposures to which plants are 
subjected by flame weeders are not 
known exactly. Attempts have been 
made, however, to measure the temper-
atures reached in the tissues of plants 
during flame weeding (Mathews and 
Tupper (3 ) ) , but no information is 
available about the time for which these 
temperatures were maintained; the ex-
posures were, therefore, not known. The 
temperature pattern within the flame 
from a flame-weeder burner has been 
studied (Liljedahl et al. ( 4 ) ) . The as-
sociated exposure times at various for-
ward speeds could be estimated from 
the temperature distribution, but the 
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FIG. 1 Approximation of step function of 
temperature as the plants passed through 
the controlled-temperature area. 
effects of thermal exposure on plant 
tissues were not reported. The expos-
ure temperatures produced by the new-
ly developed air-curtain flame weeder 
were studied (Lalor (5)) and the ma-
chine was designed so that the exposure 
times could be controlled within rea-
sonably close limits. 
The objective of this investigation 
was to determine the allowable expo-
sure times for the expected range of 
exposure temperatures to which corn 
and soybeans would be subjected by 
the new flamer. The allowable expo-
sure time is the exposure time for which 
only slight damage would result to the 
foliage. 
Development of Mathematical Models 
The concept of thermal destruction 
of living matter and enzymes is well 
known in the food processing industry. 
For example, the thermal destruction 
of the enzyme thiamine has been stud-
ied and the results were presented by 
Ball and Olson (6) . Contours of con-
stant percentage destruction of thia-
mine were plotted on axes where the 
ordinate was log(t) and the abscissa 
was T. Equation [1] represents an 
arbitrary contour and only kd, the in-
tercept on the log(t) axis, varied from 
one contour to another. 
log(t) = kd + k/T [1] 
In equation [ 1 ] , kT is the slope of the 
contour. 
Collander (7) and Yarwood (8) 
found a relationship similar to that of 
equation [1] when various amounts of 
thermal injury were inflicted on plant 
tissue by immersing it in water at vari-
ous temperatures. Examination of the 
data presented by Ball and Olson (6) 
showed that kd in equation [1] was 
approximately related to the percent-
age damage, D, by equation [2] when 
D was less than 30 percent: 
kd = m0 + nij log(D) . . . . [2 ] 
In equation [2] m0 and m1 are con-
stants. Substituting equation [2] into 
equation [1] gives D as a function of 
t and T: 
log(D) = b0 + bx log(t) + b2T 
• • [3] 
The bi in equation [3] are constants 
to be determined experimentally. 
Batchelder and Porterfield (9) in-
vestigated the exposures required to 
produce complete thermal destruction 
of the foliage of cotton plants and used 
the polynomial relationship, given in 
equation [ 4 ] , to relate D to T and the 
forward speed, s, of the equipment. The 
exposure time is inversely related to s. 
D = c0 + CjS + c9s2 + c3s3 + 
diT + d2T2 + d3T3 + ksT . . [4] 
In equation [4] the subscripted sym-
bols are regression coefficients. This 
procedure required the evaluation of 
eight parameters from the data as op-
posed to three parameters if equation 
[3] had been used as a model. 
Equation [3] is an empirical rela-
tionship in which the b{ were estimated 
from experimental data. In doing this, 
the contribution to the model of a linear 
term in t was also studied and found 
significant in most instances. This led 
to equation 5 which, together with 
equation [3] forms the basis for the 
regression analysis presented later. 
log(D) = b0 + b, log(t) + 
b2T + b3t . . . . . . . . . . . [5] 
EQUIPMENT AND PROCEDURES 
Equipment was designed and an ex-
perimental procedure developed to ex-
pose plants, under laboratory condi-
tions, to known temperatures for known 
times. Plants for the experiment were 
grown in boxes designed to be carried 
on a cart that ran on rails in the labora-
tory. The speed of the cart was vari-
able and was recorded from signals 
generated when the cart wheels passed 
over microswitches located at four 
points along the rails. The exposure 
time was preselected by passing the 
plants, at a p r e d e t e r m i n e d speed, 
through a region of controlled tempera-
ture. 
Air was heated by projecting flames 
from two propane-gas burners into a 
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TABLE 1. EXPOSURE POINTS AND SUMMARY OF RESULTS OF EXPERIMENT I 
Soybeans Corn 
Time, sec 0.15 0.35 0.83 1.92 4.5 0.15 0.24 0.40 0.66 1.0.9 1.82 3.0 4.5 
Tempera-
ture, deg F 
300 
300 
400 
500 
600 
700 
100* 
100 
100 
100 
100 
100 
* 100 indicates complete survival. 
x indicates partial survival. 
o indicates complete destruction. 
TABLE 2. EXPOSURE POINTS AND SUMMARY OF RESULTS OF EXPERIMENT II 
Soybeans Corn 
Time, sec 
Tempera-
ture, deg F 
200 
300 
400 
500 
600 
700 
800 
0.14 
100 
0.24 
X 
0.40 
100 
X 
0.66 
100* 
X 
X 
1.09 
100 
X 
1.82 
100 
X 
o 
3.00 
X 
o 
4.5 
X 
0.40 0.66 1.09 1.82 
* 100 indicates complete survival. 
x indicates partial survival; more than one x indicates repeated observations. 
o indicates complete destruction. 
TABLE 3. EXPOSURE POINTS AND SUMMARY OF RESULTS OF EXPERIMENT III 
Soybeans Corn 
Time, sec 0.14 0.24 0.40 0.66 0.80 1.09 1.3 1.82 0.15 0.24 0.40 0.66 1.09 
Tempera-
ture, deg F 
300 
400 
500 
600 
700 
800 
800f * x indicates partial survival; more than one x indicates repeated observations. 
t Preselection of this temperature was not possible due to the limitations of the equipment. 
These trials were made at temperatures between 840 F and 850 F. 
duct downstream from a fan delivering 
approximately 2,300 cu ft of air per 
min. The air temperature was varied 
by changing the gas pressure to the 
burners. The hot mixture was diverted 
into two smaller, h o r i z o n t a l ducts 
placed perpendicular to the rails; one 
duct was located on each side of the 
rails. The two ducts were arranged 
coaxially and a 10 in. gap was left be-
tween their ends (over the centerline 
of the rails). The hot mixture from 
each duct was discharged toward the 
centerline of the rails on a collision 
course with the discharge from the 
other duct. The heated air thus tended 
to flow outward from the gap between 
the ends of the ducts. 
Two conventional air curtains, one 
immediately uprail and the other im-
mediately downrail from the ducts, lat-
erally confined the air to the region be-
tween the ends of the ducts by allowing 
only essentially upward and downward 
flow. When the box of plants was 
passed into this region, the plant leaves 
were subjected to a step temperature 
increase as they passed through the 
uprail air curtain. In the 18-in.-long 
region between the two air curtains, the 
leaves were subjected to the desired 
exposure temperature. They then re-
turned to room conditions through a 
step decrease in temperature as they 
passed through the downstream air cur-
tain. Fig. 1 is an example of the tem-
perature pattern to which the plants 
were subjected as they passed through 
the exposure apparatus. 
The exposure temperatures were re-
corded by an eight-channel oscillograph 
to which eight thermocouples were con-
nected. The thermocouple positions are 
shown in Fig. 1 in relation to the posi-
tion of the air curtains; they were lo-
cated above the centerline of the rails. 
An external event marker on the oscillo-
graph recorded the information re-
quired to calculate the cart speed (and, 
hence, the exposure time). Because the 
exposure time and exposure tempera-
ture data were simultaneously recorded 
on the same chart, a complete record 
of each exposure was obtained. Fig. 2 
shows the experimental apparatus. 
Because essentially no information 
FIG. 2 Laboratory equipment. 
was available concerning the range of 
time-temperature c o m b i n a t i o n s that 
would produce results varying from 
complete survival to complete destruc-
tion of the foliage, the first experiment 
with both corn and soybeans was nec-
essarily exploratory and served mainly 
to identify the region of interest. Table 
1 shows the exposures used for the first 
experiment. Because of the nature of 
equation [3] the exposure tempera-
tures selected differed by equal loga-
rithmic increments. Due to inherent 
limitations of the device used to control 
the cart speed and the air temperature, 
it was not always possible to preselect 
the desired exposures, but the values 
shown in Table 1 were closely adhered 
to. The results of experiment I are sum-
marized in Table 1. 
A second experiment was planned by 
using the outcome of experiment I as 
a guide. Table 2 shows the exposures 
used and the summarized results. When 
compared with Table 1, Table 2 shows 
that the results of the two experiments 
were consistent and that the boundaries 
of the subset of exposures causing par-
tial leaf destruction were more clearly 
identified. Based on the results of the 
first two experiments, a third experi-
ment was designed and performed. The 
results are summarized in Table 3, and 
they show that all the exposures pro-
duced partial destruction of the foliage. 
The process of exposure selection used 
in designing the experiments, ensured 
that the damage produced ranged from 
slight to moderate rather than from 
moderate to severe. 
Data Collection and Results 
To analyze the experiment quantita-
tively, exposed plants were randomly 
selected for examination. After all the 
visible effects of the treatment had de-
veloped on the leaves, the percentage 
of the foliage remaining green was 
estimated by dissecting away the dead 
part of the leaves and expressing the 
dry weight of the dead part as a per-
centage of the dry weight of the en-
tire leaf. Fig. 3 shows partially dam-
aged leaves when viewed with light 
transmitted through the leaf. The ther-
mally injured leaf areas were more 
opaque and appeared darker in re-
flected light than the uninjured areas. 
This color difference aided in distin-
guishing damaged from undamaged tis-
sues when the plants were dissected. 
In the first two soybean experiments, 
three leaves were removed from one 
randomly selected plant in each box. 
The leaves removed were (a) the pair 
of unifoliolate leaves (considered here 
as one leaf), (b) the lowest (oldest) 
trifoliolate leaf and (c) the highest 
(youngest) fully developed trifoliolate 
leaf. In the third soybean experiment, 
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TABLE 6. THE PERFORMANCE OF CALCULATED SOYBEAN MODELS WHEN USED 
AS PREDICTORS 
Data group 
from which Data group predicted 
FIG. 3 Exposed corn leaves showing vary-
ing amounts of leaf damage (dark areas). 
the three uppermost, trifoliolate leaves 
were chosen from two randomly se-
lected plants in each box. The unifoli-
olate leaves of the plants used in ex-
periment III had been damaged by hail 
and were unsuitable for determining 
thermal damage. 
To obtain samples from corn, two 
plants were randomly chosen from each 
box and the foliage above the base of 
the fourth leaf was removed and dis-
sected. This procedure was followed 
in all the corn experiments. The soy-
beans were 6 to 8 in. high and the 
corn was in the 6- to 8-leaf growth 
stage. 
DATA ANALYSIS 
The least-squares estimates of the 
parameters of equations [3] and [5] 
were calculated from the data resulting 
from each individual experiment. The 
exposure times and temperatures ac-
tually recorded were used in the re-
gression analysis instead of the nominal 
times and temperatures given in Tables 
1, 2, and 3. To avoid the occurrence of 
log(o), l o g ( D + l ) was used as the de-
pendent variable. The regression func-
tions were, therefore, 
model was 
derived 
Run I 
Run II 
Run III 
Pooled 
TABLE 7. 
Data group 
from which 
model was 
derived 
Run I 
Run II 
Run II 
Pooled 
Experiment I 
r 
0.918 
0.728 
0.861 
0.856 
d 
4.1 
15.0 
18.1 
17.6 
THE PERFORMANCE 
Experiment I 
r 
0.759 
0.578 
0.652 
0.718 
d 
0.17 
20.3 
- 1 3 . 6 
— 11.9 
Expei 
r 
0.36J 
0.609 
0.648 
0.653 
mient II 
d 
- 0 . 7 1 
6.3 
8.1 
7.6 
OF CALCULATED 
PREDICTORS 
Data group 
Experiment II 
r 
0.896 
0.825 
0.904 
0.905 
d 
9.7 
1.6 
5.5 
6.6 
Experiment III 
r 
0.707 
0.849 
0.834 
0.837 
d 
- 2 4 . 0 
— 3.1 
0.9 
0.47 
CORN MODELS 
predicted 
Experiment III 
r 
0.818 
0.855 
0.902 
0.904 
d 
4.1 
— 3.6 
1.7 
2.9 
Pooled 
r 
0.647 
0.787 
0.780 
0.783 
WHEN USED 
Pooled 
r 
0.715 
0.590 -
0.647 
0.692 
d 
17.4 
0.12 
3.7 
3.2 
AS 
d 
4.8 
7.0 
-1.6 
-0.33 
l o g ( D + l ) = b0 + b,log(t) + b 2 T 
[6] 
and 
l o g ( D + l ) = 
b2T + b3t 
b0 + b1Iog(t) + 
[7] 
In examining the performance of 
the proposed models, it was discovered 
that a better representation of the ther-
mal destruction process was achieved 
if data, for which D was either 100 or 
0, were omitted from the regression 
analysis. Unless it was known with cer-
tainty that the omitted data were either 
at the point of incipient damage or at 
the point at which damage was just 
complete, the omission was justifiable. 
Because each experiment was inde-
pendent of the others, the performance 
of a model, whose parameters were esti-
mated from one set of data on a par-
ticular species, could be tested by using 
it to estimate the outcome of the ex-
posure used in the other experiments 
with the same species. The estimates 
thus obtained were compared with the 
observed results by calculating the sim-
ple linear correlation and the mean dif-
ference between the estimates and the 
TABLE 4. SUMMARY OF REGRESSION ANALYSIS ON SOYBEAN THERMAL INJURY DATA 
Parameter 
b 
b , 
b., 
b , 
R2 
R 
Experiment I 
+ t» 
— 2.558 
2.629 
0.00755 
0.225f 
0.638 
0.799 
* + t indicates that a 
no linear term was in chid 
t The t-test statistic sh 
Parameter 
b 
b , 
b 2 
b„ 
R2 
R 
— t 
- 2 . 5 2 3 -
4.019 
0.00787 
0.632 
0.795 
Data grouping 
Experiment II Experim 
+ t 
-0 .478 
4.845 
0.00521 
-0 .631 
0.798 
0.893 
inear term in t was 
id (equation [6]). 
ows no evidence that 
TABLE 5. SUMMARY 
Experiment I 
+ t* 
0.0340 
1.900 
0.00276 
— 0.086211 
0.828 
0.910 
— t 
- 0 . 1 1 1 
1.635 
0.00277 
0.819 
0.905 
- t + t 
- 1 . 7 4 2 - 1 . 5 5 6 
3.148 4.231 
0.00585 0.00629 
- 0 . 2 5 4 3 1 
0.620 0.778 
0.787 0.882 
included in the model 
these coefficients wen 
ent III 
— t 
- 1 . 8 3 8 
3.817 
0.00627 
0.772 
0.879 
(equation 
J
 not zero. 
OF REGRESSION ANALYSIS OF CORN 
Data grouping 
Experiment II Experim 
+ t 
0.641 
3.785 
0.0038 
-0 .764 
0.812 
0.901 
- t + t 
— 0.162 0.543 
2.505 3.335 
0.00354 0.00324 
- 0 . 5 3 4 f 
0.716 0.871 
0.846 0.934 
ent III 
— t 
- 0 .0128 
2.884 
0.00336 
0.864 
0.929 
Pool 
+ t 
- 1 . 4 7 4 -
4.233 
0.00618 
- 0 . 2 6 8 
0.746 
0.863 
e l 
— t 
-1 .900 
3.668 
0.00631 
0.710 
0.842 
7) — t indicates that 
DATA 
Pool 
+ t 
0.365 
2.648 
0.00288 
- 0 . 2 8 6 
0.788 
0.887 
ed 
— t 
0.077 
1.937 
0.00256 
0.718 
0.847 
* + t indicates that a linear term in t was included in the model (equation 7) — t indicates that 
no linear term in t was included (equation 6). 
t The t-test statistic shows no evidence that these coefficients are not zero. 
observations. Calculation of the mean 
difference, d, was necessary because 
good correlation could be obtained if 
the estimated values lay on a response 
surface similar in shape to the true re-
sponse surface but at a different height. 
Tables 4 and 5 show the results of 
the least-squares r e g r e s s i o n analysis 
used to determine the bj of equations 
6 and 7. Tables 6 and 7 show the re-
sults of the correlation analysis used to 
compare the predictions with the ob-
servations. Except for predictions as-
sociated with the data from the first 
soybean experiment, the models gave 
a reasonably good representation of the 
data. This was considered justification 
for assuming that all the data belonged 
to the same population and could, there-
fore, be pooled to provide better esti-
mates of the parameters of the models. 
The results of the analysis of the pooled 
data are also given in Tables 6 and 7. 
The poor performance of the model 
calculated from the first soybean ex-
periment was attributed to insufficient 
data to permit accurate estimation of 
the parameters. 
In the foregoing analysis, the regres-
sion equations developed relate log-
( D + l ) to a f u n c t i o n of time and 
temperature. Because taking logarithms 
is a nonlinear transformation, the val-
ues given for the coefficient of deter-
mination, R2, in the regression analysis 
are not equivalent to the squares of the 
correlation coefficients arrived at in the 
correlation analysis. The correlation 
coefficients directly relate the predic-
tions to the observations and are, there-
fore, more meaningful evaluators of the 
acceptability of the predicting equa-
tions. 
Figs. 4 and 5 show contours of con-
stant percentage survival as calculated 
from the regression equations derived 
from the pooled data. The relevant re-
gression model is that given by equa-
tion [7] because the contribution of a 
linear term in t (time) was found to 
be significant. The corn was more easily 
damaged by exposure to heat than were 
the soybeans. Also, the transition from 
slight to s e v e r e d a m a g e was more 
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abrupt in soybeans than in corn. This 
was seen very clearly during the experi-
mental work and can be explained, at 
least in part, by the fact that the corn 
leaves were rolled and hence not as 
completely exposed to the heat as were 
the soybean leaves. 
In examining the data and their rep-
resentation by the regression equations, 
it was noticed that, in the region where 
D was less than 10 percent, the esti-
mate given by the regression model 
was good. To exploit this further (since 
this is the region of the time-tempera-
ture space of greatest interest), the 
data where D was less than or equal to 
10 percent were pooled and subjected 
to a regression and correlation analyses 
in the same way that the complete data 
were analyzed. The results are shown 
in Table 8 and the contours of constant 
percentage survival (or destruction) are 
given in Figs. 6 and 7. The model rep-
resented by equation 7 was used in 
calculations for the contours. 
Discussion 
The experimental results and their 
analysis showed that thermal exposure 
produced variable results on the leaves 
of a given plant species. The variation 
was more noticeable on soybeans than 
on corn. Though greater exposure was 
required to inflict slight damage on soy-
beans than on corn, a small increase in 
exposure produced an avalanche effect 
which resulted in severe damage to soy-
bean leaves; this was not observed in 
the case of corn. The transition phase 
between slight and severe damage to 
soybeans was thus characterized by in-
stability with the avalanche point vary-
ing greatly from one plant to another 
TEMPERATURE ("FXIOO) 
FIG. 4 Contours of constant percent sur-
vival calculated from regression equation 
of pooled soybean data. 
TABLE 8. ANALYSIS 
in-
Corn 0.70 
Soybeans 0.72 
OF DATA FOR WHICH D WAS LESS THAN OR EQUAL TO 10 PERCENT 
OF r d 
3 0.83 —0.36 
3 0.75 —0.36 
b0 
1.050 
0.234 
b t b2 b3 
2.741 0.0021 —0.960 
1.932 0.00205 —0.285 
TEMPERATURE 
FIG. 5 Contours of constant percent sur-
vival calculated from regression equation 
of pooled corn data. 
and even from leaf to leaf on the same 
plant. Corn, on the other hand, ex-
hibited a smooth transition from slight 
to severe damage but in no instance 
did complete destruction of the foliage 
occur. 
These observations c o r r e s p o n d to 
field observations made when using 
flame weeders. During flame weeding 
it is almost impossible to cause only 
slight damage to soybeans, either they 
are unharmed or are severely damaged. 
For corn, severe overexposure is re-
quired during flame weeding to pro-
duce severe thermal damage to the 
leaves. The same observation applies 
to grassy weeds; they are usually diffi-
cult to kill outright by flaming, whereas 
small broadleaved weeds are easily 
killed. 
The soybeans exhibited two unex-
pected differences in thermal sensitivity 
among leaves on the same plant. First, 
contrary to commonly held opinion, the 
developing leaves suffered less damage 
than did the older leaves when sub-
jected to the same exposure. This may 
have been partly due to some physio-
logical difference (such as moisture 
content) between young and old leaves. 
Furthermore, the young leaves had a 
more dense covering of hair than had 
the old leaves. This could have in-
hibited the heat flow into the leaf, thus 
causing less injury to young leaves (for 
a given e x p o s u r e ) t h a n to mature 
leaves. Second, the cotyledon leaves 
were damaged only by severe expo-
sures; these leaves were very thick and 
fleshy and consequently had less sur-
face area per unit weight than true 
leaves. This could partly account for 
their resistance to thermal injury. These 
observations suggest that the possibility 
of flaming emerging soybean seedlings 
should be investigated. 
In using either the regression equa-
tions or the contours in Figs. 6 and 7, 
the outcome of a single exposure can-
not be expected to be accurately pre-
dicted, but the outcome of several repe-
titions of the same exposure can be 
estimated. This means that a factor of 
safety must be employed in selecting 
the protection to be given a crop dur-
ing flaming. This is a common situa-
tion in engineering design and, while 
good predictability of design perform-
ance is desirable, the application of a 
safety factor in the design calculations 
should present no problems. 
The results of the laboratory experi-
ments reported here have been borne 
out in our field studies with the air-
curtain flamers. Soybeans were success-
fully protected from thermal injury but 
corn was slightly damaged on many 
occasions. The exposures to which the 
crops were subjected during field flam-
ing were not measured directly, but 
studies of the air-curtain flamer showed 
that temperatures of 200 F to 300 F 
were maintained for 0.3 sec to 0.4 sec 
and the expected results of such ex-
posures can be deduced from Figs. 6 
and 7. These contour diagrams show 
that little damage should result to soy-
beans and that corn could be expected 
to suffer slight damage around the leaf 
margins. The injuries actually observed 
in the field fitted these expectations. 
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MPERATURE. {'! 
FIG. 6 Contours of constant percent sur-
vival calculated from regression equation 
of pooled soybean data where D was be-
tween 0 and 10 percent. 
FIG. 7 Contours of constant percent sur-
vival calculated from regression equation 
of pooled corn data where D was between 
0 and 10 percent. 
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